Genetic background effects have long been recognized and, in some cases studied, but they are often viewed as a nuisance by molecular biologists. We suggest that genetic variation currently represents a critical frontier for molecular studies. Human genetics has seen a surge of interest in genetic variation and its contributions to disease, but insights into disease mechanisms are difficult since information about gene function is lacking. By contrast, model organism genetics has excelled at revealing molecular mechanisms of cellular processes, but often de-emphasizes genetic variation and its functional consequences. We argue that model organism biology would benefit from incorporating natural variation, both to capture how well laboratory lines exemplify the species they represent and to inform on molecular processes and their variability. Such a synthesis would also greatly expand the relevance of model systems for studies of complex trait variation, including disease.
Introduction
Model organisms provide powerful experimental platforms to elucidate the basic biological functions of cells. With the implicit understanding that fundamental mechanisms and processes are likely conserved across species, experimentally facile organisms emerged as choice tools for biological exploration. The intense focus on representative models, including bacteria, budding yeast, fruit flies, round worms, zebrafish, mustard weed, and house mice, has provided mechanistic insights across the kingdoms of life. These insights include, for example, a basic understanding of cellular processes (such as genome replication, transcription, and translation), organismal functions (including reproduction, development, and cell-cell communication), and environmental interactions (spanning immunity, stress responses, and circadian relations).
The initial power of model organism genetics emerged in part from the early acceptance of common, often inbred, lines of laboratory models, such that the knowledge generated in one lab could be readily incorporated by other researchers studying the same lines. Focusing on a limited set of lines minimized the impact of genetic background, so that mechanisms underlying fundamental processes could be worked out. However, while the focus on the same laboratory lines fostered a deep understanding of those models, it has limited the scope of biological knowledge not only to a limited set of model species, but also in reality to only a few individual genotypes.
On first principles, individuals within a species are expected to vary in their genetic properties; indeed, this variation is often the subject of genetic and evolutionary investigation. However, the potential for functional differences across genetic backgrounds is routinely ignored in molecular studies. Here, we define functional genetic differences as DNA variants that confer molecular or organismal phenotypic differences among individuals, regardless of the effects on evolutionary fitness. Understanding the phenotypic consequences of naturally occurring genetic variation remains a major challenge in biology. This is acutely clear in the case of personalized medicine,
Trends
Laboratory lines of model organisms have provided a wealth of information about biological functions. Many of these lines are derived from species with significant genetic and functional variation in nature.
The longstanding focus on particular genetic backgrounds has enabled the elucidation of core biological functions, but has limited our understanding of the levels and impacts of natural variation found in wild populations.
A broader synthesis incorporating natural variation into model organism research would illuminate biological mechanisms, reveal the genetic basis for phenotypic variation, and solidify the importance of model organisms for understanding both basic and personalized genetics.
where the hope is that an individual's genotype will inform on disease predisposition, prognosis, and treatment. Although genetic variation has been documented extensively in humans, the ability to make predictions about phenotypic variation remains limited.
It is in this light that the experimental tools of model organisms offer tremendous potential to amplify our knowledge of how genetic variation modulates molecular processes and phenotypic outcomes. In this perspective, we argue that natural variation is a critical parameter that should be incorporated into models of molecular and cellular biology. Variation in gene expression, protein function, molecular interactions, and network organization can be thought of as an orthogonal dimension of biology that could be incorporated into molecular and cellular models ( Figure 1 ). We believe that expanding model organism biology to incorporate a view of natural variation will cement the importance of model organisms for understanding both basic and applied genetics, including the causes of complex trait variation.
The Pluses and Perils of Laboratory Lines
The amount of information that has been collected from laboratory lines is remarkable. Decades of classical breeding, forward-and reverse-genetic screens, and molecular dissection have produced detailed descriptions of cellular and organismal function. Many model organisms were among the first in their clades to be sequenced at the genome scale, including Saccharomyces cerevisiae [1] Arabidopsis thaliana [5] , and Mus musculus [6] . Subsequent technological innovations, including high-throughput sequencing, methods to quantify and locate proteins and metabolites, and robotic and molecular tools to rapidly generate and phenotype mutants, have enabled unprecedented genetic characterization of a few strains of model organisms. While the technology exists to generate these data in a wider range of strains and species, it is really only in the context of the extensive background knowledge for model genetic lines that such high-throughput data can be integrated in a unifying framework. Each discovery is interpreted in light of considerable existing knowledge for that strain, often substantially accelerating understanding. This is especially important for systems-biology models that integrate diverse large-scale data sets, preferably generated from the same genetic background. Hence, there remains an inherent advantage in generating more knowledge on the same laboratory lines.
However, the strategy of focusing on particular lines has important drawbacks that should be recognized. It is becoming increasingly realized that laboratory lines of model organisms are often outliers of their species. These individuals have been selected, deliberately or inadvertently, for their ease of manipulation. Several recent reviews present the unusual features of model genetic backgrounds [7] [8] [9] [10] [11] [12] and so we highlight only a few cases here. For example, common lab strains of S. cerevisiae are unusual in that they exist as stable haploids, lack the natural flocculence common to many wild isolates, harbor a variety of auxotrophies, and are easy to manipulate genetically [9] . Laboratory stocks of D. melanogaster, including the sequenced reference strain, are less active than wild flies, often have impaired senses [13, 14] , and are mostly [ 1 _ T D $ D I F F ] descended from North American populations that have a complex, genetically admixed history [15, 16] . Commonly used classical inbred strains of house mice, which are in fact hybrids of multiple subspecies [17] , grow faster, reproduce earlier, generate larger litters, gain weight more easily, and are less aggressive than wild mice [18] [19] [20] . More fundamentally, specific aspects of molecular biology can be unusual in laboratory lines, perhaps obscuring natural processes from view. For example, laboratory lines of D. melanogaster lack transposable P elements as well as the regulators that suppress their transposition [21] ; had it not been for studies crossing natural and laboratory fly lines, the discovery and subsequent exploitation of P elements may not have occurred.
The phenotypic differences between research lines and wild individuals emerge for a variety of reasons. Some features are the result of artificial selection for adaptation to laboratory environments; others reflect the historical bottleneck of choosing a few strains to serve as the common references for the species. Many of the accumulated differences in commonly used lab strains may in fact be deleterious in nature (even if they are beneficial to life in the lab). For example, mice from one widely used laboratory strain go blind within the first few months of life, a characteristic that would almost certainly be detrimental in their natural habitat [22] . Despite such unusual phenotypes, lab lines are often taken as sole representatives of their species and even of their clades. We argue that for most biological processes, the extent to which mechanistic details vary within species is only beginning to emerge.
How Much Variation Is There?
DNA sequencing has revealed tremendous genetic variation within and among natural populations of model organism species. On average, a random pair of homologous, nuclear, noncoding sequences differs by 0.3-0.8% in S. cerevisiae [23] [24] [25] , 0.5-1% in D. melanogaster [26] , 0.1-0.4% in C. elegans [27, 28] , and 0.1-0.2% in M. musculus [29] . A large number of variants have the potential to affect phenotypes of interest. For example, surprising numbers of nonsense mutations are segregating in natural populations of both model organisms [30] [31] [32] and humans. The average human genome harbors predicted loss-of-function variants in 250-300 genes, according to the 1000 Genomes Project [33] . Yet, the functional consequences of genetic variation in model organisms (and in other species) remain mostly uncharacterized.
The common assumption is that 'important' features of the organism will be conserved within and even between species and, indeed, conservation can be a signature of evolutionary constraint (but can also emerge from low mutation rates). However, a lack of conservation does not necessarily imply an absence of importance to the organism. In fact, a low-conservation signature can be produced by rapid evolution in one or more lineages, specifically because of genetic changes that are adaptively significant [34] [35] [36] [37] . Adaptive variation within model species (e.g., in populations from contrasting environments) could be particularly informative in studies dissecting molecular variation, since this type of variation is less likely to emerge clearly from mutagenesis in the laboratory. The lack of conservation can also arise if one genetic change is compensated by other mutations through epistasis. This phenomenon is clearly seen in the evolution of transcription factor-binding sites across closely related yeast species, where the disappearance of a binding element at one promoter position is compensated by the appearance of a novel instance of that element elsewhere in the regulatory region [38] .
Another example of the complex interplay between molecular mechanism and constraint is the wholesale rewiring of transcriptional regulatory networks over long evolutionary time frames in fungi. The coregulation of ribosomal protein (RP) genes is highly conserved across kingdoms, and the acute response of RP genes to environmental insults persists over a billion years of fungal evolution [39] . Yet, the regulation of RP genes is perhaps the clearest case where the upstream regulatory mechanisms are completely different across fungal species. Concerted evolution in the network required changes in both upstream regulatory connections and downstream transcriptional elements controlling each of the more than 100 genes [40] [41] [42] [43] . In this example, regulatory mechanisms have diverged substantially across species even as tight coregulation and environmental responsiveness of the genes has been highly conserved, and it is likely the coregulated response, rather than the mechanism producing it, that is important for fitness. While it might be expected that long evolutionary timeframes are required to enable wholesale network rewiring, evidence for within-species regulatory rewiring exists: regulation of yeast cell adhesion requires the filamentous MAP kinase pathway in one strain but an entirely different upstream regulatory process in another [44] . These examples illustrate the potential for mechanistic variation in producing the same cellular output.
Although the mechanistic underpinnings in many cases remain murky, high-throughput experiments are now quantifying the prevalence of genetic background effects on functional variation within a species [45] . Comparing gene-knockout libraries from two strains of S. cerevisiae revealed that nearly 5% of genes scored essential in one strain are dispensable for survival in the other [46] . How this disparity is tolerated across strains is largely unknown, but could be informative from a mechanistic perspective. In C. elegans, the reduced expression of approximately 20% of interrogated genes produced a phenotype that varied considerably across two different lines [47] . Genetic interactions can also vary at a high rate. One study screened two D. melanogaster lines for genetic modifiers of a hypomorphic allele of scalloped, a transcription factor involved in wing development: nearly 74% of all modifiers produced different effects in the two lines. While most of these differences related to the severity of the phenotype, several modifiers produced opposite effects in the two strain backgrounds. Dissecting the genetic basis of such phenotypic differences has been a longstanding interest of many biologists; we contend that leveraging such differences specifically to understand cellular mechanisms presents an exciting opportunity.
Incorporating Natural Variation as an Orthogonal Variable in Cellular Networks
Recently, the genetic tools of laboratory lines have been exploited to understand the consequences of variation found in nature. We submit that the reverse can also be true: natural variation could significantly illuminate our understanding of molecular mechanisms. Natural phenotypic variation can be conceptualized as an orthogonal dimension of biology. Just as an individual's DNA sequence can be mapped onto a reference genome, we argue that natural variation in gene expression, protein function, and molecular interactions can be mapped onto cellular networks elucidated in reference lines of model organisms (Figure 1) . Adding this orthogonal level of information could reveal profound insights into how cells function, by pointing to individual genes, proteins, or other elements that vary functionally, by revealing mechanistic plasticity across genetic backgrounds, and by suggesting the features of the cellular network (or its output) that are under constraint.
Several case studies highlight the potential for genetic variation to elucidate underlying molecular or physiological mechanisms, particularly those relevant to human health. One recent study incorporated genetic variation from the Drosophila Genetic Reference Panel (DGRP) [48, 49] into a D. melanogaster model of traumatic brain injury (TBI) [50] . The DGRP comprises >200 inbred lines of wild fly isolates, selected to represent common polymorphisms in a natural population, and has served as a powerful community resource for mapping complex traits [48, 49] . Mapping TBI sensitivity implicated genes linked to intestinal barrier function; this link, coupled with subsequent molecular studies in the laboratory strain, revealed that a low-sugar diet following TBI protects against death in multiple different genetic backgrounds. This example highlights the ability of natural variation to reveal physiological connections that determine and affect phenotypes, including disease. Another example is provided by a series of experiments exploring differences in pathogen susceptibility in two different commonly used strains of C. elegans. Genetic mapping of differential pathogen responses, using recombinant inbred lines emerging from a cross of the two parental strains, implicated a neuronal peptide receptor and, through subsequent mapping, an upstream ubiquitin ligase that regulates a behavioral response to pathogen recognition [51, 52] . Combining this information with molecular, structural, and physiological experiments in the lab strain not only implicated the genetic basis for the variable phenotype, but also revealed a new molecular model for pathogen avoidance and contributed to a broader understanding of mechanosensory neuronal circuits [53] .
There are those who would argue that genetic and phenotypic variation segregating in nature is less informative for molecular studies than deep laboratory mutagenesis in a single purebred line. We recognize that laboratory mutagenesis is highly effective at dissecting gene and protein function in a single genetic background. However, we argue that the outcome and interpretation of such experiments could be significantly different if done in a different genetic background, as highlighted by several examples above. At issue then is the question being asked: if the goal is to elucidate molecular mechanisms in a single individual, saturating laboratory mutagenesis may indeed be the best approach. However, if the aim is to dissect a molecular mechanism to serve as a model for other organisms, especially for human disease, which is likely to be complex, then the additional step of at least considering natural variation may significantly expand the scope.
Capturing Natural Functional Variation in Model Organisms
Realizing the power of natural variation for model organism biology will require changes in perspective and in practice. Ultimately, different labs may choose to incorporate natural variation to different extents, from simply scanning allele frequencies of mechanistically implicated genes to performing detailed experiments in multiple backgrounds. While it is impractical to expect a deep understanding of all genetic backgrounds found in nature, we envisage several realistic avenues through which natural variation can be incorporated into molecular studies.
Understand the Phenotypic Distribution of Natural Strains and Determine where Laboratory Lines Fall Along that Spectrum Surveying the distribution of a particular phenotype is now often feasible, thanks to medium-and high-throughput techniques and broader availability of natural lines to test. Knowledge of the phenotypic distribution would inform our perspective on the potential diversity of underlying mechanisms and may help prioritize follow-up experiments. For example, comparing phenotypic differences with sequence variation in genes of interest could suggest alternate genetic backgrounds whose subsequent study may be particularly informative from a mechanistic perspective. Knowledge of the phenotypic distribution will also clarify whether lab-strain phenotypes are representative of segregating variation or are unusual compared with other individuals in the species. Even when laboratory lines lie at the outer ranges of the phenotypic distribution, understanding the mechanistic underpinnings in those strains can still be useful; in fact, studying unusual strains in the context of the broader population may be a powerful model for human disease, in which specific genetic backgrounds are particularly susceptible to disease.
Expand Detailed Molecular Studies to a Broader Set of Diverse Genetic Backgrounds To expand our understanding of mechanistic possibilities, model organism communities should consider establishing diverse sets of representative lines, chosen to capture the genetic and phenotypic variation of the species. We advocate a two-step framework: (i) a broad survey of phenotypic diversity, as outlined above; and (ii) detailed molecular dissection, when informative, on strategically chosen genetic backgrounds that could be particularly illuminating from a mechanistic perspective. The first step may be more realistically facilitated by a communitywide approach to establish strain panels, which would enable targeted investigation of specific lines by individual labs, to validate detailed molecular studies done in laboratory strains. Additional reference lines should be chosen to maximize variation, such as geographically diverse isolates including representatives from the ancestral range of the species,[ 2 _ T D $ D I F F ] and adaptively unique natural populations, such as those from extreme environments or distinct substrates. A promising example of a community-wide effort is the Arabidopsis 1001 Genomes Project, in which ecologically diverse A. thaliana lines sampled from across the ancestral species range are being sequenced to catalyze the functional dissection of genetic variation [54] . This and other mapping resources for model organism communities [28, 48, 49, [54] [55] [56] [57] not only enable mapping of phenotypic differences in parental lines, but can also unmask cryptic variation that provides a powerful complement to laboratory mutagenesis (e.g., [58, 59] ).
Represent the Potential for Natural Variation when Presenting Mechanistic Studies
Finally, it is important to recognize that variation exists, even when it is not the main point of a study. Results should be described in terms of the strain or genetic background used and not as the sole representation of the species (unless broader information in other lines exists). This is especially important for cross-species comparisons, which frequently consider only one strain, in many cases a laboratory line, as a single representative of each species. We also encourage model organism databases to organize our knowledge of molecular, genomic, and phenotypic variation; a nice example is the Mouse Phenome Database, which captures various phenotypes of diverse mouse lines [60] .
Concluding Remarks
Major advances in biology have often come from combining established perspectives. A synthesis incorporating natural variation into molecular and cellular biological studies could accelerate our understanding of life, leveraging the depth achieved by studying laboratory lines of model organisms and the breadth afforded by incorporating natural variation[ 3 _ T D $ D I F F ] (see Outstanding Questions). This synthesis would also reinforce the relevance of model organism genetics for understanding disease biology and its interaction with genetic variation.
Outstanding Questions
To what degree are molecular interactions conserved across individuals, populations, and species? How does variation at the molecular level impact phenotypic variation at the organismal level?
What are the molecular underpinnings of complex trait variation, and how can that information in turn provide a better mechanistic understanding of biological functions?
In what ways can an expanded understanding of natural variation in model organisms influence our understanding or study of the functional impacts of natural variation influencing human disease?
